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Neutral dimeric metallocyclic complexes of type [M2(L1)2Bn] (where M = cobalt(II), nickel(II) and
zinc(II), L1 is the doubly deprotonated form of a 1,3-aryl linked bis-b-diketone ligand of type
1,3-bis(RC(O)CH2C(O))C6H4 (R = Me, n-Pr, t-Bu) and B is pyridine (Py) or 4-ethylpyridine (EtPy))
have been synthesised, adding to similar complexes already reported for copper(II). New lipophilic
ligand derivatives with R = octyl or nonyl were also prepared for use in solvent extraction experiments.
Structural, electrochemical and solvent extraction investigations of selected metal complex systems
from the above series are reported, with the X-ray structures of [Co2(L1)2(Py)4]·2.25CHCl3·0.5H2O
(R = Pr), [Co2(L1)2(EtPy)4] (R = t-Bu), [Ni2(L1)2(EtPy)4] (R = t-Bu), [Zn2(L1)2(EtPy)2] (R = Me) and
[Zn2(L1)2(EtPy)4] (R = t-Bu) being presented. The electrochemistry of H2L1 (R = t-Bu) and of
[Fe2(L1)3], [Co2(L1)2(Py)4], [Ni2(L1)2(Py)4], [Cu2(L1)2] and [Zn2(L1)2(Py)2] has been examined. Oxidative
processes for the complexes are dominantly irreversible, but several examples of quasireversible
behaviour were observed and support the assignment of an anodic process, seen between +1.0 and
+1.6 V, as a metal-centred oxidation. The reduction processes for the respective metal complexes are
not simple, and irreversible in most cases. Solvent extraction studies (water/chloroform) involving
variable concentrations of metal, bis-b-diketone and heterocyclic base have been performed for
cobalt(II) and zinc(II) using a radiotracer technique to probe the stoichiometries of the extracted species
in each case. Synergism was observed when 4-ethylpyridine was added to the bis-b-diketone ligand in
the chloroform phase. Competitive extraction studies show a clear uptake preference for copper(II) over
cobalt(II), nickel(II), zinc(II) and cadmium(II).
Introduction
The metal ion chemistry of classical b-diketone ligands has now
been studied for more than a century1 and such systems have
been well documented to give rise to a rich array of interesting
coordination chemistry.2 The incorporation of more than one b-
diketone group into extended ligand structures has been reported
by a number of workers and aspects of the metal ion chemistry of
such derivatives with selected metal ions has been investigated.3
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† TheHTML version of this article has been enhanced with colour images.
‡ Electronic supplementary information (ESI) available: Crystallo-
graphic details, selected bond lengths and angles for [Co2(L1)2(Py)4]·
2.25CHCl3·0.5H2O (R = Pr), [Co2(L1)2(EtPy)4] (R = t-Bu) and [Ni2(L1)2-
(EtPy)4] (R = t-Bu), [Zn2(L1)2(EtPy)2] (R = Me) and [Zn2(L1)2(EtPy)4]
(R = t-Bu) as well as ORTEP plots of the two crystallographically inde-
pendent forms of both [Ni2(L1)2(EtPy)4] (R = t-Bu) and [Zn2(L1)2(EtPy)4]
and a plot of the solvent extraction results for the competitive (mixed-
metal) extraction by H2L1 (R = t-Bu, octyl and nonyl) at pH 7.8. See DOI:
10.1039/b701575e
In part motivated by the above studies, we have employed a
series of bis-b-diketone ligands as building blocks for newmetallo-
supramolecular species. This has involved interactionof a selection
of 1,3- and 1,4-aryl linked, bis-b-diketone systems of types H2L1
and H2L2 with copper(II), iron(III) and gallium(III).4–7 A feature
of these systems is that the defined directional properties of
the doubly deprotonated forms of both H2L1 and H2L2 ligand
types, when coupled with those of the above metal ions, result in
discrete neutral metallo-species displaying extended architectures8
whose geometries to a large degree are able to be successfully
predicted. With copper(II), for example, these include dinuclear
species of type M2L12(solvent)n5,7,9 as well as discrete trinuclear
(triangular) species of typeM3L23(solvent)n,6,10 while with trivalent
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ions dinuclear triple helical complexes of type M2L135,11,12 and
tetrahedral-shaped species of type M4L26 are obtained.4
In prior studies we have shown using X-ray diffraction that
neutral species of stoichiometry Cu2L12(solvent)n contain planar
Cu2L12 units, with tetrahydrofuran or pyridine solvent molecules
weakly bound in an axial position on each copper(II) (to yield
square pyramidal coordination geometries).5 In contrast to the
situation for copper, the metal ion chemistry of L1 with other
divalent metals has received little attention, although two zinc(II)
derivatives of this ligand (with R = Ph) have recently been
reported.13
In an extension of our prior studies employing copper(II) and
iron(III), we now report the synthesis and investigation of new
species incorporating cobalt(II), nickel(II) and zinc(II) derived from
ligands of typeH2L1; these products also incorporate pyridine (Py)
or 4-ethylpyridine (EtPy) as co-ligands bound to eachmetal centre.
Aspects of the structural, electrochemical and synergistic liquid–
liquid extraction properties of these systems are now discussed. In
the case of the electrochemical studies the results are compared
with those for the analogous copper(II) species as well as for the
related tris-ligand species, [Fe2L13].5
Experimental
All reagents and solvents were purchased from commercial
sources. Tetrahydrofuran was pre-dried over sodium wire before
use. NMR spectra were recorded on Bruker Avance DPX200,
DPX300 orDPX400 spectrometers; dH values are relative toMe4Si
at 0 ppm. Low resolution electrospray ionisation mass spectra
(ESI-MS) were obtained on a Finnigan LCQ-8 spectrometer.
FTIR (KBr) spectra were collected using a Bio-Rad FTS-
40 spectrometer. UV-vis spectra were recorded on a Cary 1E
spectrophotometer in the solid state (all reported peaks are broad).
Ligand synthesis
Ligands H2L1 (R = Me, Pr, t-Bu and Ph) were prepared via the
previously reportedmethod.5 Ligands H2L1 (R = octyl and nonyl)
were prepared via a modification of this method (see below).
General preparation of H2L1 (R = octyl and nonyl). Sodium
amide (5.0 g, 0.13 mol) was added to a mixture of dimethyl
isophthalate (5.00 g, 0.025 mol) and 2-decanone (for H2L1; R =
octal) (7.8 g, 0.05 mol) or 2-undecanone (for H2L1; R = nonyl)
(8.5 g, 0.05 mol) in dry tetrahydrofuran (100 ml) at 0 ◦C. The
mixture was stirred for 2 h at this temperature and then for 2 h
at 26 ◦C over which time the mixture turned yellow. The reaction
solutionwas quenchedwith icewater (100ml) and then acidified to
pH 4 using 1Mhydrochloric acid; two phases formed. The organic
phase (tetrahydrofuran) was separated from the aqueous phase
and the tetrahydrofuran was removed under reduced pressure to
yield the crude product. This was recrystallised from methanol.
Yields and characterisation details for each product are given
below.
1,1-(1,3-Phenylene)-bis-undecane-1,3-dione, H2L1 (R = octyl).
Yield 8.55 g (75%), pale orange powder. 1H-NMR d (200 MHz
CDCl3): 16.01 (br s, enol, 2H), 8.36 (s, aromatic, H), 8.04 (dd,
aromatic, 2H), 7.55 (t, aromatic, H), 6.24 (s, –CH– enol, 2H),
2.44 (br m, –CH2–, 4H), 1.70 (br m, –CH2–, 4H), 1.34 (br m,
–CH2–, 20H), 0.89 ppm (br m, –CH3, 6H). (ESI-ms): m/z 465
(M + Na)+,442 (M + H)+, 441(M − H)−. Found: C, 76.05; H,
9.96. Calc. for C28H42O4: C, 75.98; H, 9.56%.
1,1-(1,3-Phenylene)-bis-dodecane-1,3-dione, H2L1 (R = nonyl).
Yield 8.2 g (68%), pale orange powder. 1H-NMR d (200 MHz
CDCl3): 16.01 (br s, enol, 2H), 8.36 (s, aromatic, H), 8.04 (dd,
aromatic, 2H), 7.55 (t, aromatic, H), 6.24 (s, –CH– enol, 2H), 2.46
(br m, –CH2–, 4H), 1.71(br m, –CH2–, 4H), 1.33 (br m, –CH2–,
24H), 0.88 ppm (br m, –CH3, 6H). (ESI-ms): m/z 471 (M + H)+,
469 (M − H) −. Found: C, 76.23; H, 10.01. Calc. for C30H46O4: C,
76.54; H, 9.85%.
Complex synthesis
[Cu2(L1)2] and [Fe2(L1)3] (R= t-Bu) were synthesised as previously
reported.5 [Co2(L1)2(Py)4]·0.5CHCl3 (R = Pr), [Co2(L1)2(Py)4]
(R = t-Bu), [Co2(L1)2(EtPy)4]·0.25H2O (R = t-Bu), [Ni2(L1)2(Py)4]
(R = t-Bu), [Ni2(L1)2(EtPy)4] (R = t-Bu), [Zn2(L1)2(Py)2] (R = t-
Bu), [Zn2(L1)2(EtPy)2]·0.10EtPy (R = Me) and [Zn2(L1)2(EtPy)4]
(R = t-Bu) were synthesised using adaptions of literature pro-
cedures (see below).5,10 All products were washed with ether
before microanalysis; individual crystalline samples used for
microanalysis were crushed and then allowed to stand in air prior
to analysis.
Three synthetic procedures were employed. (a) The first method
was adapted from a previously reported procedure.10 A warm
solution of the required ligand (0.5 mmol) in pyridine (3 ml)
or 4-ethylpyridine (3 ml) was added to a warm solution of the
appropriate metal(II) acetate in pyridine (4 ml) or 4-ethylpyridine
(4 ml). The solution was stirred, filtered and then allowed to
evaporate slowly; crystals of product formed in each case.
[Co2(L1)2(EtPy)4]·0.25H2O (R = t-Bu). Yield 160 mg (78%),
red crystals. Found: C, 67.44; H, 7.15; N, 4.70. Calc. for
C68H84N4O4Co2·0.25H2O: C, 67.61; H, 7.06; N, 4.64%. The crystal
used directly for the X-ray structure (without standing in air) had
the stoichiometry [Co2(L1)2(EtPy)4] (R = t-Bu).
[Ni2(L1)2(EtPy)4] (R = t-Bu). Yield 160 mg (78%), green crys-
tals. Found: C, 68.06; H, 7.04; N, 4.79%. Calc. for C68H84N4Ni2O4:
C, 67.90; H, 7.04; N, 4.66%. FTIR (KBr-major peaks): 1568, 1435,
1219, 770 cm−1.
[Zn2(L1)2(EtPy)4] (R = t-Bu). Yield 201 mg (66%), pale
yellow crystals. Found: C, 67.18; H, 6.98; N, 4.48. Calc. for
C68H84N4O4Zn2: C, 67.15; H, 6.96; N, 4.61%. 1H-NMR d
(300 MHz, DMSO-d6, 300 K): 8.80 (s, aromatic, H), 8.31 (dd,
aromatic, 4H), 7.88 (d, Et–Py aromatic, 8H), 7.32 (t, aromatic,
2H), 7.11 (d, Et–Py, aromatic, 8H), 6.06 (s, –CH– enol, 4H), 2.51
(q, –CH2–, 8H), 1.94 (s, –CH3, 18H), 1.05 ppm (t, –CH3, 12H).
FTIR (KBr-major peaks): 1596, 1434, 1219, 772 cm−1. UV-vis
(solid state): 359, 413 nm.
[Zn2(L1)2(EtPy)2]·0.10EtPy (R = Me). Yield 157 mg (76%),
pale yellow crystals. Found: C, 61.15; H, 5.16; N, 3.68. Calc.
for C35H33Zn2N2O8·0.1(C7H9N): C, 61.16; H, 5.18; N, 3.62%. 1H-
NMR d (300 MHz, DMSO-d6, 300 K): 8.7 (s, aromatic,2 H), 8.28
(dd, aromatic, 4H), 7.85 (d, Et–Py aromatic, 4H), 7.33 (t, aromatic,
2H), 7.05 (d, Et–Py, aromatic, 4H), 5.97 (s, –CH– enol, 4H), 2.51
(q, –CH2–, 4H), 2.14 (s, –CH3, 12H), 1.05 ppm (t, –CH3, 6H).
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FTIR (KBr-major peaks): 1594, 1506, 1007, 759 cm−1. UV-vis
(solid state): 360, 468 nm.
(b) This procedure was also adapted from a publishedmethod.10
H2L1 (0.0005 mol) was dissolved in chloroform (5 ml). Cobalt(II)
acetate (0.0005mol) was dissolved in distilledwater (5ml) towhich
was added two drops of pyridine. This solution was layered on
the chloroform solution. The transfer of metal across the solvent
interface was indicated after several hours by a colour change
in the organic layer. Crystals of product were isolated from the
organic layer after several days.
[Co2(L1)2(Py)4]·0.5CHCl3 (R = Pr). Yield 0.12g (44%), or-
ange crystals. Found: C, 62.23; H, 5.69; N: 5.07. Calc. for
C70H76N4Co2O12·0.5CHCl3: C, 62.03; H, 5.54; N: 5.12%. UV-vis
(solid state): 824, 565, 455, 423, 369, 344 nm. An orange crystal
taken from the chloroform solution was used directly for an X-
ray diffraction structure determination and was found to have the
composition, [Co2(L1)2(Py)4]·2.25CHCl3·0.5H2O.
(c) The third method was also adapted from a literature
procedure.5 The required ligand (0.4 mol) in dry tetrahydrofuran
(40 ml) was added to Na2CO3 (1.0 g, 0.01 mol) suspended in dry
tetrahydrofuran (10 ml). This mixture was stirred for 1 h before
the appropriate metal(II) chloride (0.4 mol) in tetrahydrofuran
(40 ml) and either pyridine or 4-ethylpyridine (0.8 mol) was added
dropwise. The mixture was stirred at 40 ◦C for 16 h. The resulting
clear solution was filtered; the solvent was then reduced to a small
volume in a rotary evaporator to yield the solid complex as a
microcrystalline powderwhichwas isolated andwashedwith ether.
[Co2(L1)2(Py)4] (R = t-Bu). Yield 160 mg (73%), orange
microcrystalline powder. Found: C, 66.01; H, 6.38; N: 5.21. Calc.
for C60H68N4Co2O8.: C, 66.03; H, 6.29; N: 5.14%. UV-vis (solid
state): 824, 565, 455, 423, 369, 344 nm.
[Ni2(L1)2(Py)4] (R = t-Bu). Yield 167 mg (77%), green micro-
crystalline powder. Found: C, 66.00; H, 6.41; N, 5.29%. Calc. for
C60H68N4Ni2O8: C, 66.15; H, 6.30; N, 5.15%. FTIR (KBr-major
peaks): 1568, 1435, 1219, 770 cm−1. UV-vis (solid state): 359, 407,
559 nm.
[Zn2(L1)2(Py)2] (R = t-Bu). Yield 157 mg (84%), colourless
microcrystalline powder. Found: C, 63.40; H, 6.45; N, 2.76. Calc.
for C50H58N2O8Zn2: C, 63.68; H, 6.20; N, 2.97%. 1H-NMR d
(200 MHz, DMSO-d6, 300 K): 8.80 (s, aromatic, H), 8.60 (m,
Py, 2H) 8.31 (dd, aromatic, 2H), 7.88 (m, Py, H), 7.40 (m, Py,
2H), 7.32 (t, aromatic, 2H), 6.06 (s, –CH– enol, 2H), 1.94 (s, CH3,
18H). FTIR (KBr-major peaks): 1596, 1434, 1219, 772 cm−1. UV-
vis (solid state): 359, 413 nm.
X-Ray structure determinations
Data for [Co2(L1)2(Py)4]·2.25CHCl3·0.5H2O (R = Pr),
[Co2(L1)2(EtPy)4] (R = t-Bu) and [Zn2(L1)2(EtPy)4] (R = t-
Bu) were collected on a Bruker SMART 1000 diffractometer
employing graphite-monochromated Mo-Ka radiation generated
from a sealed tube (0.71073 A˚) with x scans.14 Structural data
for [Ni2(L1)2(EtPy)4] (R = t-Bu) and [Zn2(L1)2(EtPy)2] (R =
Me), were collected on a Bruker-Nonius APEXII-X8-FR591
diffractometer employing graphite-monochromated Mo-Ka
radiation generated from a rotating anode (0.71073 A˚) with x
and w scans.15 All data were collected to approximately 56◦ 2h.
Data integration and reduction were undertaken with SAINT
and XPREP16 and subsequent computations were carried out
using the WinGX-32 graphical user interface.17 Structures were
solved by direct methods using SIR97.18 Multi-scan empirical
absorption corrections were applied to data sets using the program
SADABS.19 Data were refined and extended with SHELXL-97.20
Non-hydrogen atoms with occupancies greater than 0.5 were
refined anisotropically. Carbon-bound hydrogen atoms were
included in idealised positions and refined using a riding model.
Crystal data
Crystal and structure refinement data for [Co2(L1)2(Py)4]·
2.25CHCl3·0.5H2O (R = Pr), [Co2(L1)2(EtPy)4] (R = t-Bu),
[Ni2(L1)2(EtPy)4] (R = t-Bu), [Zn2(L1)2(EtPy)4] (R = t-Bu) and
[Zn2(L1)2(EtPy)2] (R = Me) are summarised in Table 1. ORTEP21
depictions of the crystal structures as well as details of the crystal
packing are provided inFig. 1–5 alongwithFig. S1, S2 in the ESI.‡
Where applicable, additional details relating to the X-ray crystal
structure refinement are given below and in the ESI‡ (with the
latter also containing tables of selected bond lengths and angles).
CCDC reference numbers 635435–635439.
For crystallographic data in CIF or other electronic format see
DOI: 10.1039/b701575e
Electrochemical studies
The electrochemistry of H2L1 (R = t-Bu), along with its dinuclear
neutral complexes of type [M2(L1)2(Py)n] (M = Co, n= 4;M = Ni,
n = 4; M = Cu, n = 0; M = Zn, n = 2) and [Fe2(L1)3] have been
investigated in acetonitrile or an acetonitrile/tetrahydrofuran
mixture. Cyclic voltammetry studies were performed using a
conventional three-electrode configuration with iR compensation
and a BAS Model 100B electrochemical system, operated by a
computer using the BAS100W software. The working electrodes
were glassy carbon (GCE) or platinum discs, polished with
alumina. The reference electrode was Ag/AgCl and was separated
from the working and Pt wire auxiliary electrodes in a glass sleeve
fitted with a Vycor frit. Solutions were made up in HPLC-grade
acetonitrile or acetonitrile/tetrahydrofuran (usually 1 : 1) and
were 0.05–0.1 M in (Et4N)(ClO4); they were purged with argon
gas. Complex concentrations in the millimolar range were used
throughout. Unless otherwise stated, results discussed below refer
to behaviour at the GCE.
Solvent extraction
Liquid–liquid extraction experiments were performed at 24± 1 ◦C
inmicrocentrifuge tubes (2ml)with a phase ratioV (org) :V (aq) of 1 : 1
(500 ll each). The aqueous phase contained the metal perchlorate
(normally 1 × 10−4 M, except where variable concentration
experiments were employed), and a selected buffer. The ditopic-
buffer systems, TAPS/NaOH,HEPES/NaOHandMES/NaOH,
were used (depending on the chosen pH) to maintain the pH in
this phase; as a precaution, the pH of the phase was checked
before and after each experiment. A majority of the experiments
were carried out at pH 8.7 using the TAPS/NaOH system. The
This journal is © The Royal Society of Chemistry 2007 Dalton Trans., 2007, 1719–1730 | 1721
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Fig. 1 The ORTEP plot of [Co2(L1)2(Py)4]·2.25CHCl3·0.5H2O (R = Pr) shown with 30% probability ellipsoids. Solvent molecules and one position in
each region of disorder omitted for clarity.
Fig. 2 A schematic representation of portion of the crystal packing
for [Co2(L1)2(Py)4]·2.25CHCl3·0.5H2O (R = Pr). Solvent molecules are
omitted for clarity.
chloroform organic phase contained a known concentration of a
H2L1 ligand (normally 1 × 10−3 M, except where variable con-
centration experiments were employed) and in some experiments
also 4-ethylpyridine (normally 2 × 10−3 M except where variable
concentration experimentswere conducted).All solvent extraction
experiments involved the mechanical shaking of the two-phase
system until equilibrium had been established.
In the case of the single metal ion experiments a shaking time
of 3 h was used for the cobalt(II) experiments and 30 min for
the zinc(II) experiments. At the end of these times, the phases
were separated, centrifuged and then duplicate 100 ll samples of
the aqueous and organic phases were removed for analysis. The
concentration of the metal ion (cobalt or zinc) was measured in
both phases radiometrically using 60Co and 65Zn radioisotopes
(ROTOP Pharmaka) by means of a NaI(TI) scintillation counter
(Cobra II/Canberra-Packard).22
The competitive (multi-metal) extraction experiments employed
a shaking time of 24 h. For these experiments the depletion of the
metal ion concentrations in the aqueous phasewasmeasured using
an ICP-MS (ELAN 9000/Perkin Elmer) spectrometer.
Four sets of variable concentration experiments were also
undertaken. Ligand dependence studies were performed in which
the concentration of H2L1 (R = t-Bu, nonyl)) was varied from
5 × 10−4 to 1.5 × 10−3 M while the zinc(II) concentration was
maintained at 1 × 10−4 M. Similar experiments were carried out
in the presence of 4-ethylpyridine (2 × 10−3 M) for both cobalt(II)
and zinc(II). In each case log DM was plotted against log [H2L1]org
and the slope determined.
4-Ethylpyridine dependence studies were also carried out.
These involved varying the 4-ethylpyridine concentration from
2 × 10−4 M to 2 × 10−3 M while maintaining the metal ion
concentration at 1 × 10−4 M and the ligand concentration at 1 ×
10−3 M. Log DM was then plotted against log [4-ethylpyridine]org
and the slope determined.
An investigation of pHdependence in the presence ofH2L1 (R=
nonyl) was carried out while the metal and ligand concentrations
were kept constant as before. In this case the H2L1 (R = nonyl)
concentration was maintained at 1 × 10−3 M while the Zn(ClO4)2
concentration was also kept constant at 1 × 10−4 M. The pH
was varied from 7.0–8.8 and log DM was plotted against pH.
Comparison experiments were also carried out in the presence
of 4-ethylpyridine (2 × 10−3 M) for both cobalt(II) and zinc(II)
over the pH range 7.5–8.7.
A series of experiments were carried out in which the metal
ion concentration was varied from 1 × 10−4 M to 5 × 10−3 M
at pH 8.7 (TAPS/NaOH), both in the absence and presence
of 4-ethylpyridine (2 × 10−3 M), while maintaining the ligand
concentration at 1 × 10−3 M. From the observed maximum metal
loading of the organic phase, the stoichiometry of the extracted
complex can be deduced.23
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Fig. 3 ORTEP plots of the two crystallographically independent forms of [Co2(L1)2(EtPy)4] (R = t-Bu) shown with 50% probability ellipsoids. Hydrogen
atoms and minor occupancy components in the regions of disorder omitted for clarity.
Fig. 4 Schematic representation of the stacking between neighbouring
molecules of [Ni2(L1)2(EtPy)4] (R = t-Bu).
Multi-metal competitive extraction experiments were also per-
formed using an equimolar mixture of the following metal ions
in the aqueous phase: cobalt(II), nickel(II), copper(II), zinc(II) and
cadmium(II) at pH 7.8 in the absence of 4-ethylpyridine or at
pH 7.4 (HEPES/NaOHbuffer) in its presence. The aqueous phase
contained a 1 × 10−4 M concentration of each of the above metal
perchlorate salts and the organic phase (chloroform) contained
a 1 × 10−3 M concentration of H2L1 and in the second set of
experiments also 4-ethylpyridine at 2 × 10−3 M.
Results and discussion
Complex synthesis and solid state studies
As a preamble to future studies involving the use of difunctional
heterocyclic ligands as bridging units between metal centres in
cobalt(II), nickel(II) and zinc(II) complexes of L1 (in an analogous
manner to that previously reported to occur for copper(II) and
zinc(II) complexes of this ligand type),5,13 we have explored the
formation of related mixed ligand, monodentate base complexes
of these metal ions incorporating the monodentate bases pyridine
or 4-ethylpyridine. Accordingly, using three experimental varia-
tions (all aimed at growing crystalline products suitable for X-
ray structure determination) the following new metal complex
derivatives were synthesised: [Co2(L1)2(Py)4]·0.5CHCl3 (R = Pr),
Fig. 5 ORTEP plot of [Zn2(L1)2(EtPy)2] (R = Me) shown with 50%
probability ellipsoids.
[Co2(L1)2(Py)4] (R = t-Bu), [Co2(L1)2(EtPy)4]·0.25 H2O (R = t-
Bu), [Ni2(L1)2(Py)4] (R = t-Bu), [Ni2(L1)2(EtPy)4] (R = t-Bu),
[Zn2(L1)2(Py)2] (R = t-Bu), [Zn2(L1)2(EtPy)2]·0.10EtPy (R =
Me) and [Zn2(L1)2(EtPy)4] (R = t-Bu). The zinc(II) complexes
each yielded a symmetric 1H NMR spectrum confirming ligand
equivalence in DMSO-d6 solution.
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Solid state studies
Of the above eight complexes isolated, five yielded crystals of
sufficient quality for X-ray diffraction studies: [Co2(L1)2(Py)4]·
2.25CHCl3·0.5H2O (R = Pr), [Co2(L1)2(EtPy)4] (R = t-Bu),
[Ni2(L1)2(EtPy)4] (R = t-Bu), [Zn2(L1)2(EtPy)4] (R = t-Bu) and
[Zn2(L1)2(EtPy)2] (R = Me).
Orange crystals of [Co2(L1)2(Py)4]·2.25CHCl3·0.5H2O (R = Pr)
were grown over three days at the interface of a chloroform
solution containing L1 (R = Pr) and pyridine and an aqueous
solution of cobalt(II) acetate. The ORTEP plot of the structure is
shown in Fig. 1. Each cobalt(II) centre adopts a pseudo octahedral
geometry with pyridine ligands occupying both axial positions
and oxygen donors from two b-diketone fragments binding in
the equatorial positions. While each bis-b-diketonato ligand is
essentially planar; all of the resulting chelate rings and the phenyl
groups are slightly twisted away from the mean plane, presumably
reducing steric interference. Three of the four pyridine rings are
orientated essentially co-planar with respect to each other; the
fourth, however, is rotated by almost 90◦. The crystal packing is
shown in Fig. 2; individual complexes close pack in an alternating
pattern. The molecules shown in light grey are orientated at
180◦ from those in dark grey, giving a ‘zipper’ effect along the
b axis. The parallel pyridine groups containing N(2) and N(4),
lie closer together than those on the opposite side of the bis-b-
diketone coordination plane, perhaps due to the presence of p–p
interactions between pyridines giving the overall molecule a slight
bend.
The crystalline products [Co2(L1)2(EtPy)4]·0.25H2O (R = t-Bu),
[Ni2(L1)2(EtPy)4] (R= t-Bu) and [Zn2(L1)2(EtPy)4] (R= t-Bu)were
obtained on reaction of L1 (R = t-Bu) with cobalt(II), nickel(II)
and zinc(II) acetates in 4-ethylpyridine. Each of the structures is
essentially isostructural (differing in disorder components) (Fig. 3
and 4 as well as S1 and S2 in the ESI‡), with two independent
molecules per unit cell in each case. In all three complexes bis-
b-diketonato oxygen atoms once again occupy the equatorial
positions of the respective metal ions, with 4-ethylpyridine ligands
bound in each axial site. Related ‘zipper-like’ crystal packing to
that described above for [Co2(L1)2(Py)4]·2.25CHCl3·0.5H2O (R =
Pr) occurs for each of these latter species.
The axial 4-ethylpyridines in each structure are orientated ap-
proximately orthogonally with respect to each other, with p–p in-
teractions present between them. For example, in [Ni2(L1)2(EtPy)4]
(R = t-Bu) (Fig. 4 and S1 in the ESI‡), the N(1)- and N(3)-
containing 4-ethylpyridine molecules have carbon–carbon sepa-
ration ranging from 2.8–3.4 A˚ and there are also interactions
present (carbon–carbon distances 2.9–3.0 A˚) between the N(2)-
and N(4)-containing 4-ethylpyridines. Offset face-to-face p–p
stacking occurs between the N(2)- and N(3)-containing rings,
with carbon–carbon separation distances of 3.3–3.5 A˚. This causes
the molecules in each structure to stack in a slightly more open
arrangement extending along the c-axis (Fig. 4) than occurs in
[Co2(L1)2(Py)4]·2.25CHCl3·0.5H2O (R = Pr). This is presumably
due to inhibition of further p–p interaction formation due to the
steric requirements of the ethyl substituents on the 4-ethylpyridine
ligands.
Reaction of H2L1 (R = Me) with zinc(II) acetate in 4-
ethylpyridine resulted in crystals of [Zn2(L1)2(EtPy)2] (R = Me).
In contrast to the structures discussed so far, the X-ray structure
of this product showed that each metal centre is five-coordinate,
with the metal centres exhibiting distorted trigonal bipyramidal
geometries (Fig. 5); the molecule lies about an inversion centre
with the axial 4-ethylpyridine groups on the zinc centres lying on
opposite sides of the metallocycle.
Electrochemical studies
In the present study the electrochemistry of H2L1 (R = t-Bu),
both in its protonated and deprotonated forms, along with
the dinuclear neutral complexes of the above ligand of type
[M2(L1)2(Py)n] (M = Co, n = 4; M = Ni, n = 4; M = Zn,
n = 2) and [Cu2(L1)2] have been investigated in acetonitrile
or an acetonitrile/tetrahydrofuran mixture. For comparison, an
investigation of the previously reported5 complex [Fe2(L1)3] was
also carried out. The metal complexes offer two metal centres
for oxidation and reduction processes and the redox behaviour
for the respective species are summarised in Table 2. Since the
paramagnetic iron(III), cobalt(II), nickel(II) and copper(II) centres
are sufficiently separate not to bemagnetically linked4,7 Mn+M(n + 1)+
or Mn+M(n−1)+ intermediate systems, where the metals ‘share’ the
higher or lower oxidation state effectively equally, are not expected
to occur. Rather, oxidation or reduction at one specific centre
is anticipated to occur first, subsequently influencing the redox
behaviour of the second centre. This could lead to the second
metal centre being oxidised or reduced at a different observable
potential provided the integrity of the complex is maintained to a
reasonable extent. However, if dissociation is very rapid following
the first single electron reduction, release of the metal ions may
occur with a significant alteration in their redox properties, to
the point where the second centre either immediately undergoes
a redox process or becomes redox inert in the window under
examination. Complex electrochemical behaviour is likely the
result of sequential processes. The present studies were undertaken
to probe the validity or otherwise of the above postulates.
Ligand only. H2L1. (R = t-Bu) exhibits no oxidation processes
before +2.0 V (versus Ag/AgCl) and shows only an irreversible
Table 2 Oxidation and reduction processes (Ep or E1/2, V versus
Ag/AgCl) observed for the present metal ion/H2L1 (R = t-Bu) complexes,
measured in acetonitrile at a GCEa
Metal Ion Volts
Oxidations
Nil ∼+2.2 (irrev)
Zn(II) +1.46 (irrev)
Cu(II) +1.35 (sh, irrev), +1.64 (irrev)
Ni(II) +1.04 (quasirev; DE 155 mV)a
Co(II) +1.29 (irrev)
Fe(III) +1.43 (irrev)
Reductions
Nil −1.60 (irrev), −1.76 (irrev)
Zn(II) −1.90 (irrev), −2.19 (irrev)
Cu(II) −1.26 (irrev), −1.63 (irrev), −1.87 (irrev)
Ni(II) −1.85 (irrev)
Co(II) −1.75 (quasirev; DE 165 mV)b, −2.09 (sh, irrev),
−2.27 (irrev)
Fe(III) −0.75 (quasirev; DE 150 mV), −1.84 (irrev),
−2.10 (sh, irrev)
a In acetonitrile; irreversible in acetonitrile/tetrahydrofuran. b Reversibility
impaired in acetonitrile/tetrahydrofuran.
This journal is © The Royal Society of Chemistry 2007 Dalton Trans., 2007, 1719–1730 | 1725
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process near the system limit at∼+2.2 V in acetonitrile, tentatively
assigned to oxidation. In acetonitrile it is irreversibly reduced,
exhibiting waves with Epc at −1.605 V and −1.76 V (Ag/AgCl; at
a scan rate of 100mV s−1). A thirdwave is observed at−1.93Vonly
at scan rates over 200 mV s−1, and a back wave begins to grow in at
−1.62 V at that rate, becoming progressively more distinctive with
increasing scan rate. This oxidation process appears to be coupled
with the first reduction step, since switching potential after that
step maintains this anodic wave; for example, Epc and Epa are at
−1.607 and −1.551 V, respectively, at 2.5 V s−1 scan rate, although
ipa/ipc does not approach unity as required for a reversible couple,
and peak-to-peak separation is scan rate dependent.
Notably, deprotonation of the ligands through addition of
sodium methoxide as base causes a clear cathodic shift in the
oxidation process, although changes in the reduction processes
are less well defined due to shifts in the cathodic limit as a result
of addition of the base. The anodic wave for the H2L1 (R = t-
Bu) is shifted to +1.55 V, but remains irreversible. The cathodic
processes are not shifted, remaining effectively the same as in the
free ligand with the first Epc at −1.65 V. Shifts observed reflect
both the influences of deprotonation and weak coordination to
the introduced sodium cation.
[Zn2(L1)2(Py)2] (R = t-Bu). For the zinc(II) complex of H2L1
(R = t-Bu) an irreversible oxidation process at +1.465 V is
observed. This amounts to a cathodic shift of ∼0.6 V as a
result of complexation, similar to the shift for the free ligand
on deprotonation. As zinc(II) is electroinactive, this process is
certainly ligand centred.The reductionprocesses for theH2L1 (R=
t-Bu) complex at a GCE appear as a major irreversible wave at Epc
−2.19 Vwith a pre-wave at −1.90 V. At a Pt working electrode, the
prominent reduction appears at−1.99 Vwith a following shoulder
at −2.16 V, so reduction potential is not affected much by the elec-
trode, although relative waveheights change, possibly associated
with different adsorption contributions. Reduction processes, like
oxidation processes, display a cathodic shift compared with the
free ligand.
[Co2(L1)2(Py)4] (R = t-Bu). The cobalt(II) H2L1 (R = t-
Bu) complex exhibits irreversible oxidation at +1.29 V. This is
similar in position to the CoIII/II oxidation reported for [Co(2,4-
pentanedionato)2(OH2)2]24 and can be assigned to the samemetal-
centred process. The cobalt(II) complex exhibits a metal-centred
quasireversible wave at −1.755 V (DE = 165 mV at 100 mV s−1
scan rate). Additional irreversible reductions, presumably ligand
centred, lie below −2.0 V.
[Ni2(L1)2(Py)4] (R = t-Bu). The complex of H2L1 (R = t-Bu)
displays a quasi-reversible oxidation at +1.04 V (DE = 155 mV
at 100 mV s−1 scan rate). The character and position of this
process characterises it as a metal-centred NiIII/II process. The
complex exhibits an irreversible reduction near−1.85V, somewhat
comparable to that reported for [Ni(2,4-pentanedionato)2(OH2)2]
of −1.70 V.25 Shifts should arise as a result of electronic effects of
the t-butyl and phenyl substituents in the present cases, compared
with two methyl groups in 2,4-pentanedione itself. Notably, a
dimeric 1,3,5-triketonate complex has been reported to show two
nearly reversible processes at −1.6 and −1.90 V25 assigned to
two successive metal-centred processes with a comproportiona-
tion constant of ∼105. Assignment as sequential metal-centred
processes cannot bemadewith certainty, given the redoxbehaviour
of the ligand itself. Reduction processes are not substantially
shifted from those found for the zinc(II) complexes, where the
metal is electroinactive, so there is a good case for suggesting these
processes formally involve ligand-centred molecular orbitals.
[Cu2(L1)2] (R = t-Bu). For the copper(II) complex of H2L1
(R = t-Bu), oxidative behaviour is also not simple; it exhibits an
irreversible oxidation process at +1.64 V with a prior wave as a
shoulder at +1.35 V (Fig. 6). Although it is enticing to assign
these to successive CuIII/II oxidations of separate copper centres
Fig. 6 Cyclic voltammograms (reference Ag/AgCl) for [Cu2(L1)2] (R = t-Bu), [Co2(L1)2(Py)4] (R = t-Bu) and [Fe2(L1)3] (R = t-Bu).
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in the clusters, it is notable that we observed that the simple
[Cu(2,4-pentanedionato)2] displays a suite of irreversible oxidation
processes at +1,48, +1.75 and +1.99 V, each apparently one-
electron steps from waveheight comparisons with other couples
and thus too many to all be assignable to metal-centred processes.
However, only one wave lies near the potential of the bis-b-
diketonato systems (at +1.48 V) and may be the copper-centred
process in that case.
The H2L1 (R = t-Bu) complex displays an irreversible wave
at −1.26 V. The simple [Cu(2,4-pentanedionato)2] displays an
irreversible reduction at−1.02 V, with a followingwave at−1.37V,
accompanied by a strong desorption spike at −0.17 V on the
reverse anodic scan; no other waves appear before the system
limit. The leading wave is assigned to the CuII/I couple, being
well removed from the region for ligand-centred reductions. The
similarity in position of the wave for the H2L1 (R = t-Bu) complex
to the wave seen for the simple 2,4-pentanedionato complex
suggests these are metal centred processes and are assigned to
CuII/I processes. Other irreversible redox processes are seen below
−1.6 V, possibly associated with sequential metal reduction.
The behaviour for the H2L1 (R = t-Bu) complex (Fig. 6) also
exhibits the strong desorption process seen for the simple Cu(2,4-
pentanedionato)2 complex; the reduction behaviour parallels that
for Cu(2,4-pentanedionato)2, but with waves shifted cathodically
approximately 0.25 V.
[Fe2(L1)3] (R = t-Bu). Oxidation for the iron(III) complex
of H2L1 (R = t-Bu) (+1.43 V) is shifted slightly cathodically
compared to the process reported for [Fe(2,4-pentanedionato)3].24
No other processes are observed before approximately +2 V,
where they occur in a similar position to oxidative processes for
the free ligand. A reported examination of a series of tris(1,3-
diketonato)iron(III) complexes show the influence of substituent
groups on the FeIII/II couple, with a spread of over 1.0 V reported.26
Amongst the present complexes, [Fe2(L1)3] (R = t-Bu) displays
the clearest example of a metal-centred redox process in its
reduction behaviour, well removed from the region of the free
ligand reduction, near −0.7 V (E1/2 = −0.745 V, DE = 150 mV at
100 mV s−1 scan rate). The position and character of this process
strongly supports ametal-centred redox process; the couple occurs
at very similar potentials to the metal-centred couple in the
simple [Fe(2,4-pentanedioato)3] compound, strengthening the as-
signment. Waveheight comparisons between the bis-b-diketonato
ligand (R = t-Bu) complex and [Fe(2,4-pentanedioato)3] suggest
that the former complex undergoes a one-electron process at this
potential. Additional irreversible waves presumably associated
with other metal centres or the ligand itself occur well below
−1.0 V (−1.82, −2.10 V for H2L1 (R = t-Bu)). For a related
bis-b-diketonato ligand (R = Ph) diiron complex, two sequential
reversible reductions were observed at −0.46 and −0.58 V.11 The
absence of a second, closely-following wave in the present case
supports a single-electron process as also suggested by wave-
height comparisons; alternatively, the twometal-centred reduction
processes are too close to resolve.
Liquid–liquid extraction studies
Despite simple b-diketones having been used as extractants in
numerous liquid–liquid extraction studies (including, for example,
for mineral processing applications27 there appears to be no report
of the use of bis-b-diketone ligands of type H2L1 in a similar role
even though individual examples of the latter have been known
for a considerable time28 and are readily synthesised in high yield
from relatively inexpensive precursors.
Studies at constant metal and ligand concentration. The ex-
traction behaviour of the H2L1 ligands with R = Pr, Ph, t-Bu,
octyl and nonyl towards cobalt(II) and zinc(II) was studied using
the previously described radiotracer technique29,30 both in the
absence and presence (see below) of 4-ethylpyridine; the results are
illustrated in Fig. 7. At pH 8.7 in the absence of 4-ethylpyridine,
cobalt(II) extraction ranges from 2 to 13% for the above ligand
series, while the range is 3 to 53% for zinc(II). As expected, the
more lipophilic ligand derivatives clearly give rise to enhanced
extraction.
Fig. 7 Percentage of metal ion extracted from the aqueous into the
organic phase by H2L1 (R = Pr, Ph, t-Bu, octyl and nonyl), and on
the addition of 4-ethylpyridine (*). [M(ClO4)2] = 1 × 10−4 M, pH 8.7
(TAPS/NaOH buffer); [H2L1] = 1 × 10−3 M, [4-ethylpyridine] = 2 ×
10−3 M in CHCl3 (*); shaking time 30 min for zinc(II), 3 h for cobalt(II)
or 1.5 h (when 4-ethylpyridine was added); T = 24 ± 1 ◦C. Attempts
to obtain data for zinc(II) with H2L1 (R = Pr and Ph) in the presence
of 4-ethylpyridine were unsuccessful due to precipitate formation at the
respective aqueous/organic interfaces.
In a second round of experiments, 4-ethylpyridine (2 × 10−3 M)
was added to the organic phase under otherwise identical exper-
imental conditions to those used above; the extraction behaviour
for each of the ligands, H2L1 (R = t-Bu, octyl and nonyl), is
also summarised in Fig. 7. With the addition of two equivalents
(relative to H2L1) of 4-ethylpyridine the extraction of cobalt(II)
markedly increased from 12 to 70% in the case ofH2L1 (R= nonyl)
and also increased from 53 to 85% for zinc(II) with this ligand. The
time required to reach equilibrium in the case of cobalt(II) was
also approximately halved (from three to one and a half hours).
Parallel ‘control’ experiments (involving the absence H2L1 but at
the same concentration of 4-ethylpyridine) were performed; under
these conditions the metal extraction was negligible ≤ 1%. It is
noted that the synergistic effect is more pronounced for the nonyl
derivative, especially in the case of cobalt(II).
It is noted that both in the presence and absence of 4-
ethylpyridine, these systems show no significant extraction of
metal below approximately pH 6 and thus the extractedmetal may
be stripped by pH adjustment of the aqueous phase to pH < 6.
Ligand dependence studies. In a further set of experiments
the stoichiometries of the extracted species were analysed by
This journal is © The Royal Society of Chemistry 2007 Dalton Trans., 2007, 1719–1730 | 1727
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Table 3 Gradients (see text) of the plots obtained for the variable H2L1, 4-ethylpyridine and pH extraction (water/chloroform) studies
Slopes
Run Ligand Zn(II)/H2L1 Zn(II)/H2L1 + EtPy Co(II)/H2L1 + EtPy
H2L1 dependence R = t-Bu 1.9 1.7 1.6
R = nonyl 1.6 1.9 1.9
4-Ethylpyridine dependence R = t-Bu N/A 1.1 0.9
R = nonyl N/A 0.7 0.7
pH dependence R = nonyl 1.6 1.2 1.6
undertaking the extraction of cobalt(II) and zinc(II) ions (at 1 ×
10−4 M) under variable H2L1 (R = t-Bu or nonyl) concentration
in the presence of a fixed concentration (2 × 10−3 M) of 4-
ethylpyridine, as well as in the absence of this co-ligand in the case
of zinc(II) only. In all cases, the concentration of the lipophilic
H2L1 ligand (R = t-Bu or nonyl) was varied from 5 × 10−4 to
1.5 × 10−3 M (namely, it was always in excess relative to the metal
ion concentration in order to approximate constant ionic strength
conditions).29 The low extraction observed for cobalt(II) in the
absence of 4-ethylpyridine (see Fig. 7) precluded investigation of
this system over the above concentration range.
For each of the above ligand systems, log DM (DM =
[Mn+](org)/[Mn+](aq))) was plotted against log [H2L1]. Provided a
‘simple’ equilibrium is involved, the slope of this plot gives the
stoichiometry (n) of the extracted species directly since log DM =
n log[L]org + K (where K is a constant).29 The results for both
cobalt(II) and zinc(II) with H2L1 (R = t-Bu and nonyl) at pH 8.7 in
both the absence and presence of 4-ethylpyridine show that linear
relationships occurs between log DM and the log of the ligand
concentration for each case. For H2L1 (R = t-Bu, nonyl) slopes
that ranged from 1.6 to 1.9 were obtained (Table 3), in accord with
mixed 1 : 1 and 1 : 2 (metal : ligand) species being extracted, with
the proportions of such species differing somewhat from system
to system.
4-Ethylpyridine dependence studies. An investigation of the
above type has been carried out to probe 4-ethylpyridine depen-
dence. This involved variation of the 4-ethylpyridine concentration
over the range 2 × 10−4 M to 2 × 10−3 M while the other
concentrations were held constant. In the case of H2L1 (R = t-Bu)
with both zinc(II) and cobalt(II), a metal : 4-ethylpyridine ratio
of approximately 1 : 1 was obtained (Table 3). This suggests that,
under the conditions employed, the optimum species extracted
has one 4-ethylpyridine coordinated per each metal centre. For
H2L1 (R = nonyl) the ratio is somewhat lower at 0.7 for both
the zinc(II) and cobalt(II) systems, indicating some involvement
of extracted species in which not all metal sites have an attached
4-ethylpyridine.
pHdependence studies. AcorrespondingpHdependence study
for the zinc(II)/H2L1 (R = nonyl) system was carried out. In this
case the pH was varied from 7.0–8.8 and log DM was plotted
against pH to yield a slope of 1.6 (Table 3) ([H2L1 (R = nonyl)] =
1 × 10−3 M, [Zn(ClO4)2] = 1 × 10−4 M). This is in keeping with a
mixture of singly and doubly deprotonated ligands being involved
in the extraction process and is thus in accord with the results from
the ligand dependence studies discussed above.
Similar experiments were carried out in the presence of 4-
ethylpyridine (2 × 10−3 M) for both cobalt(II) and zinc(II) over
the pH range 7.5–8.7. The results are summarised in Table 3; the
presence of 4-ethylpyridine is seen to influence the stoichiometry
of the extracted species in the zinc case (the slope reduces from 1.6
to 1.2), reflecting a not unexpected perturbation of the equilibria
present.
Variable metal concentration studies. A further procedure for
gaining information about the stoichiometry of the extracted
species has been employed in the present study. This procedure
is based on a definitive complex being formed in the organic
phase under ‘saturation’ conditions—corresponding to a constant
ligand concentration in the presence of excess metal ion.23 The
lipophilic ligands H2L1 (R = t-Bu, nonyl) at a concentration
of 1 × 10−3 M were employed in the chloroform phase. In the
case of zinc the [metal]/[ligand] ratio of the extracted species was
probed by varying the zinc concentration in the aqueous phase
from 1 × 10−4 M to 5 × 10−3 M (at pH 8.7) while the degree of zinc
extracted into the chloroform phase wasmonitored. The inflection
in the correspondingplots obtained for these experiments provided
an indication of the maximum zinc to ligand ratio for complex
formation. The conditions employed for these studies are thus
somewhat different to those used for the extraction experiments
discussed earlier.
The results are summarised in Table 4 and show that, under the
conditions employed, an equimolar ratio (metal : ligand = 1 : 1)
is indicated for zinc(II) with both ligand derivatives in the absence
of added 4-ethylpyridine. This ratio is comparable to that present
in the corresponding X-ray structure (in which case a 2 : 2 ratio
was found) and suggests that, under the experimental conditions
employed, related solid state and organic phase solution structures
may occur. The symmetric 1H NMR spectrum observed for the
zinc(II) complex of L1 (with R = t-Bu) also accords with this
postulate.
In a parallel set of experiments to the above, loading experiments
were again undertaken in which the solution stoichiometries of the
cobalt(II) and zinc(II) systems with H2L1 (R = t-Bu, nonyl) were
again probedunder similar conditions, but this time in the presence
of 4-ethylpyridine at 2 × 10−3 M. The presence of 4-ethylpyridine
Table 4 Maximum metal : ligand ratios for the organic phases obtained
from loading experiments involving a fixed concentration of H2L1 (R =
t-Bu, nonyl) and varying metal ion concentration (see text)
Metal : ligand ratio
Ligand H2L1 Zn(II)/H2L1
Zn(II)/H2L1 +
EtPy
Co(II)/H2L1 +
EtPy
R = t-Bu 1.0 0.6 0.5
R = nonyl 1.0 0.6 0.5
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causes a major change in the species being extracted, leading to
ratios that approximate the formation of ML2 derivatives.
From these experiments, two types of extracted complexes can
be proposed to form under the saturation conditions discussed
above. In the absence of 4-ethylpyridine only a 1 : 1 (M :
L) complex (most likely of type [M2(L1)2]) occurs while in the
presence of 4-ethylpyridine the dominant complex in each case
corresponds to a 1 : 2 (M :L) species (most likely of type [M(L1)2(4-
ethylpyridine)]). These results are in general accord with those
obtained in the ligand dependence studies where, under different
conditions, mixtures of 1 : 1 and 1 : 2 species were postulated to
occur in both the presence and absence of added 4-ethylpyridine.
Summary of extracted complex species. Overall, the solvent
extraction experiments point to three complex species being
formed in the respective organic phases (see Scheme 1), with the
mix of each species depending on the conditions employed. In the
absence of 4-ethylpyridine both 1 : 1 and 1 : 2 (M : L) complexes
are postulated to occur while in the presence of 4-ethylpyridine a
1 : 2 (M : L) complex appears to be the dominant extracted species
in all cases.
Scheme 1 Proposed complex species formed in the liquid–liquid extrac-
tion studies.
Competitive extractions. In order to probe the potential metal
ion selectivities of these ligands, competitive extraction experi-
ments were carried out at pH 7.8 (HEPES/NaOH) in the absence
of 4-ethylpyridine for the ligandsH2L1 (R= t-Bu, octyl and nonyl)
in conditions comparable to those above. Equal concentrations of
five different divalent transition metal perchlorate salts (cobalt(II),
nickel(II), copper(II), zinc(II), cadmium(II), each 1 × 10−4 M) were
added to the aqueous phase and H2L1 (R = t-Bu, octyl or nonyl)
at 1 × 10−3 M were added to the organic phase. The phases were
combined and shaken for 24 h before the metal ion concentrations
weremeasured by ICP-MS; selectivity for copper(II) over the other
four divalent transition metal ions present was obtained. Within
experimental error, complete extraction of copper ion occurred
in each case and hence under this condition no influence of the
relative ligand lipophilicities was observed (shown graphically as
Fig. S3 in the ESI‡).
Similar experiments were carried out in the presence of 2 ×
10−3 M 4-ethylpyridine (pH 7.4). The results (Fig. 8) again
show a clear selectivity for copper(II), however, the extraction of
other metal ions is enhanced significantly in the presence of 4-
ethylpyridine, increasing from 0 to 24% in the case of zinc(II) with
H2L1 (R = t-Bu) and from 0 to 35% in the case of nickel(II) with
H2L1 (R = nonyl). These results are thus in broad accord with
the synergistic effects discussed earlier for the radiotracer studies
involving zinc(II) and cobalt(II).
Fig. 8 Percentage of cadmium(II), cobalt(II), nickel(II), zinc(II) and
copper(II) competitive extracted from the aqueous into the organic phase
with H2L1 (R = t-Bu, octyl and nonyl) in the presence of 4-ethylpyridine.
[M(ClO4)2] = 1 × 10−4 M, pH 7.4 (HEPES/NaOH buffer); [H2L1] = 1 ×
10−3 M; [4-ethylpyridine] = 2 × 10−3 M in CHCl3; shaking time 24 h; T =
24 ± 1 ◦C.
Concluding remarks
In the present study we present the synthesis of two new lipophilic
ligands of the aryl-linked bis-b-diketone category together with
characterisation in the solid and solution of a range of d-
block complexes of such systems. The results include five X-ray
structure determinations and electrochemistry as well as liquid–
liquid extraction studies for individual systems.
As expected, the redox behaviour of H2L1 (R = t-Bu) is altered
as a result of metal ion complexation, with behaviour varying
with the metal. While it can be argued that the processes seen
are ligand-centred, mediated by the variation in d-electron set
and orbital interactions, observation of distinctive quasireversible
couples in some cases is consistent with some dominantly metal-
centred processes. Whereas, as discussed, metal centres in the
dimers are sufficiently separate in all cases to be not magnetically
This journal is © The Royal Society of Chemistry 2007 Dalton Trans., 2007, 1719–1730 | 1729
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closely-linked, the distances are sufficient for a ‘spectator’ metal
centre to feel the effect of neighbouring metal ions. Hence
sequential processes at different potentialswere expected, however,
these were not clearly observed.Where rapid dissociative processes
follow the initial reduction, the potential for subsequent metal-
centred processes may be shifted quite substantially, even possibly
to before that for the initial step, leading to a complex pattern
of behaviour. While cyclic voltammetry is not necessarily able to
resolve such behaviour fully, it does provide a good picture of
the rich redox properties of these systems, albeit behaviour that
implies limited stability of the precursor clusters upon oxidation
or reduction in most cases. Given changes in preferred bond
distances, stereochemistry and lability with oxidation state, this
is not surprising.
The solvent extraction studies collectively indicate that the
stoichiometries of the extracted species tend to be variable and
in individual instances clearly depend on both the concentrations
of the metal/ligand species as well as on their respective natures.
As expected, higher metal extraction efficiencies in general occur
for themore lipophilic ligandderivatives. Evidence for the presence
of substantial extraction synergism was also obtained on addition
of 4-ethylpyridine to the respective lipophilic ligand/metal ion
systems. Competitive metal-ion studies indicate a clear preference
for copper(II) extraction over cobalt(II), nickel(II), zinc(II) and
cadmium(II).
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